3-Hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors, or "statins", are widely using cholesterol-lowering drugs with pleiotropic pharmacological effects. In this review, we summarized the pharmacological effects of statins related to gap junction modulation. The main function of cellular gap junctions, which are composed of trans-membrane proteins named connexins (Cxs), is to mediate direct cell-to-cell communication through material exchange. Statins could rectify the disturbed expression, distribution, or phosphorylation of Cxs and thus modify the functions of gap junctions in a variety of tissues like the aorta, cardiomyocytes, or tumors. The effects of statins on Cxs and gap junctions were associated with their pharmacological activities against atherosclerosis, arrhythmias, and tumors. Despite some evidences suggested that the anti-inflammatory or HMG-CoA reductase inhibiting effects of statins may contribute in part to the modulation of Cxs and gap junctions, the detailed underlying mechanisms are largely unrevealed and merit further investigation. In addition, it is likely that the modulating effects of statins on gap junctions may also contribute to their pharmacological activities against some diabetic complications. Future studies of these issues will help to provide scientific evidences for the appropriate clinical application of statins.
Introduction
It is well known that in multicellular organisms, crosstalks and communications among cells are of pivotal importance, either for the growth and differentiation, or for the metabolism of organisms [1] - [6] . Communications of cells could be achieved through non-physical or physical manners. Non-physical communications of cells are usually mediated by the actions of hormones or cytokines. Physical communications rely on direct contact or junction of cells. Multiple types of cell junctions are discovered, which include desmosome, adherens junction, tight junctions, gap junction, tunneling nanotube, and so on [1] - [6] . These junctions are found to play important roles in maintaining normal cellular functions [1] - [6] .
Gap junctions, which were first discovered in the 1960s [7] , are composed of trans-membrane proteins named connexins (Cxs) [5] . Currently, there are 21 different Cxs discovered in humans [5] [8] . Six Cxs of the same kind or different kinds could assemble in subcellular apartments to form a connexon (or hemichannel), which contains a central gap of about 2 nm [5] [8] . Connexons could be transported to cell surface, where they could couple with counterparts on the surface of other cells to form gap junctions [5] [8] .
Cxs are expressed in a variety of mammal cell types [5] [8] . The key function of Cxs and gap junctions is to mediate direct cell-to-cell communication. Adjacent cells could exchange ions, second messengers, metabolites as well as nutrients of low molecular weight via gap junctions [5] [8]- [10] . Alternatively, uncoupled connexons (or hemichannels) on cell surface could facilitate the exchange of materials between cells and extra-cellular matrix [5] [8]- [10] .
Cxs and gap junctions play important roles in cell division, differentiation, adhesion, migration and death [5] [8]- [11] . Notably, recent results proved that dysfunctions of Cxs and gap junctions may be related to the development of several human diseases of significant clinical importance, such as coronary heart disease, diabetes, cardiac hypertrophy and arrhythmia, as well as cancer [12] - [17] . Accordingly, the study of gap junction biology has gained great attention in recent years.
3-Hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors, or "statins" (Figure 1 ), are the most widely prescribed lipid-modifying drugs around the world. Statins are potent in lowering low-density lipoprotein (LDL) cholesterol and are effective in reducing cardiovascular events [18] . Numerous studies indicated that statins have pleiotropic pharmacological effects beyond their cholesterol-lowering activity, which may include direct beneficial effects on atherosclerotic plaque, immunomodulatory and anti-inflammatory effects, anti-cancer activities, antiarrhythmic effects, as well as beneficial effects against osteoporosis, Alzheimer's disease, and so on [19] [20] .
Although detailed mechanisms underlying the intriguing activities of statins remain controversial and need further investigation, recent results suggested that statins could modulate the expression levels of Cxs and subsequently the functions of gap junctions [21] . Furthermore, the activities of statins on Cxs and gap junctions were proved to be closely related to their pharmacological effects against atherosclerosis, neointimal hyperplasia, arrhythmia, as well as cancer. In the present review, we will summarize the pharmacological effects of statins related to gap junction modulation based on available results in literatures.
Anti-Atherosclerotic and Anti-Proliferative Effects of Statins Are Related to Modulation of Cxs and Gap Junctions
Cxs 37, 40, and 43 are the main kinds of gap junction proteins detected in arterial walls, and they are implicated in the progression of atherosclerosis [21] [13] [22] . Endothelium and smooth muscle cells (SMCs) in the arteries have different patterns of Cx expression [12] [13]. Cx37 is predominantly expressed in endothelial cells [23] . It was reported that impaired Cx37 expression could be linked to endothelial dysfunction and the development of atherosclerosis [12] [13] . On the contrary, proper expression of Cx37 in macrophages could inhibit cell adhesion and the formation of atherosclerotic plaque [24] . Cx40 could be detected both in endothelium and in SMCs [23] [25]. It seemed that endothelial Cx40 played a role similar to that of Cx37, as deletion of Cx40 in endothelium could accelerate atherosclerosis [26] . Cx40 in SMCs may play a different role. There were reports that Cx40 could be up-regulated in SMCs of rabbit arteries either with atherosclerotic lesions [25] or subjected to balloon injury [27] . Cx43 is mainly expressed in SMCs [23] [25] [27] and could be detected in some endothelial cells [28] . Cx43 in arterial SMCs plays an important role in the development atherosclerosis [12] through Cx43 knockdown [29] . Increased expression of Cx43 was related to the transformation of SMCs to synthetic phenotype, which could contribute to the production of extracellular matrix and development of lesions [30] [31]. Over-expression of Cx43 was also observed in the migration and proliferation of SMCs [22] . Now, Cx43 is considered as a potential useful target to inhibit atherogenesis [25] [29] . Besides cholesterol-lowering and anti-inflammatory effects, modulation of Cxs and gap junctions may also contribute to the anti-atherosclerotic activities of statins [25] [29] [32] . Effects of different statins on the expressions of Cxs and functions of gap junctions in SMCs and endothelial cells related to atherosclerosis or neointimal hyperplasia are summarized in Table 1 (Part 1). In aortic lesions of animal atherosclerosis induced by high-cholesterol diet, the over-expressions Cx43 and Cx40 could be suppressed by statins [25] [29] [32] . The inhibitory effect of statins on Cx43/Cx40 was observed in SMCs and was associated with the reduction of volume and size of gap junctions between SMCs [25] [29] [32] . These findings indicated that enhanced intercellular communications between SMCs, which could induce migration, proliferation and transformation, may be released by statins. Indeed, the inhibitory effect of statins on aortic Cx43/Cx40 was accompanied by the reduction of neointimal hyperplasia in lesions and the improvement of plaque morphology and stability [25] [29] [32] .
Besides diet induced vessel disorder, the inhibitory effect of statins on Cx43/Cx40 could be observed in arteries subjected to mechanical damage, as well [27] . In rabbit arteries subjected to balloon injury, statins could reduce the expression levels of Cx43 and Cx40 in SMCs, which was correlated to the decrease of neointimal hyperplasia [27] . In addition to arteries, the anti-proliferative effects of statins could also be found in veins. In ex vivo cultured human saphenous veins, statin treatment suppressed the expression of Cx43 in neointimal SMCs and then inhibited neointimal hyperplasia [33] .
The detailed mechanisms as well as cellular signaling pathways recruited by statins to inhibit Cx43/Cx40 expression and gap junctional communication in SMCs are not fully elucidated. Some mechanism studies had been conducted in cuntured SMCs [29] [35] . As gap junctions could be up-regulated by increase of cellular cholesterol level [36] , it was postulated that statins may suppress Cx43 expression through inhibiting cholesterol biosynthesis (Figure 2) . Indeed, in SMCs, the inhibitory effect of statins on Cx43 could be abolished by supplement of mevalonate [29] .
The inhibitory effect of statins on Cx43 was also associated with suppression of proinflammatory cytokines (Figure 2) and relevant cellular signaling pathways [32] . In cultured aortic SMCs, simvastatin could attenuate the up-regulating effects of tumor necrosis factor-α (TNF-α) and interleukin-18 (IL-18) on Cx43 [32] . Furthermore, the inhibitory effects of simvastatin was associated with blockade of phosphatidylinositol 3-kinase (PI3K)/Akt and mitogen-activated protein kinase (MAPK) pathways, which could be elicited by TNF-α and IL-18 [32] .
It should be mentioned that the expressional regulations of Cxs are complex, which may include transcriptional as well as post-transcriptional events [8] - [10] . Whether or not statins have influences on these processes is unknown and needs investigation.
Although the majority of reports supported that atherogenic factors could increase the expression of Cx43 in SMCs, converse results existed. For example, a report suggested that the expression of Cx43 in aortic SMCs was reduced in the background of diabetes mellitus in rats [37] . And surprisingly, simvastatin was shown to reverse the reduction [37] . The explanation for the discrepancies is unclear, and the relevance of this observation to the progression of atherosclerosis needs to be clarified. Endothelial dysfunctions are also pivotal to the development of atherosclerosis. Atherogenic factors generally down-regulate the expressions of Cxs in endothelial cells [38] , which could be modified by statins ( Table 1 , Part 1). In hereditary hypertriglyceridemic (HTG) rats [39] , the expression of Cx43 was increased in aortic media which contain SMCs but decreased in aortic endothelial cells as compared with those of wild type rats. Administration of atorvastatin reduced total aortic Cx43 expression and modified the distribution of Cx43 between endothelium and media. In detail, atorvastatin could increase endothelial Cx43 expression and reduce media Cx43 expression markedly in aortic walls of hereditary HTG rats. The recovery of Cx43 expression in endothelium by atorvastatin was connected with the improvement of endothelial integrity [39] .
The effects of statins on endothelial Cx43 were also observed in vitro in cultured human umbilical vein endothelial cells (HUVEC) [40] . Statins alone reduced the expression of Cx43 in HUVEC, which may attribute to the inhibition of endogenous cholesterol biosynthesis [29] [36] . However, when co-administered with nicotine, an atherogenic factor which down-regulates Cx43 expression and GJIC in endothelial cells, statins could reverse its effects [40] . The mechanism of statins in increasing endothelial Cx43 expression is unclear and needs investigation.
Cx37 and Cx40 are the predominantly expressed Cxs in aortic endothelial cells [23] , and their expressions could be regulated by statins. In hyperlipidemic mice fed with cholesterol-rich diet [41] , simvastatin could reverse the reduction of Cx37 and gap junctions in aortic endothelial cells. There were conflicting results concerning the effects of statins on endothelial Cx37 expression. For example, in diabetic ApoE-deficient mice [42] , simvastatin was reported to further reduce the impaired Cx37/Cx40 expressions in aortic endothelial cells. The discrepancies were supposed to be related to altered pharmacokinetics and actions of statins due to different animal models or genetic backgrounds [42] . However, the detailed mechanism of statins in regulating endothelial Cx37 and the relevance to atherosclerosis remain to be clarified.
In summary ( [52] . Furthermore, the alterations of Cxs/gap junctions were associated with cardiac abnormalities such as arrhythmia, necrosis and apoptosis of cardiomyocytes in animals [48] - [52] . Intervention with statins could restore myocardial Cxs and GJIC [48] - [52] . In detail, statins could increase the myocardial expressions of Cx43 and Cx45, which were down-regulated in animals with hypertriglyceridemia, acute myocardial infarction (MI), viral myocarditis, or diabetes [48] - [52] . Besides, statins could restore the disordered distribution and suppress remodeling of gap junctions [48] - [52] . In normal cardiomyocytes, gap junctions are mainly distributed in the intercalated disc region; but in abnormal cardiomyocytes, the distribution of gap junctions are usually disordered and scattered [45] [46] . Remodeling of gap junctions is closely related to the development of arrhythmia [45] [46] .
Antiarrhythmic and Cardioprotective Effects of Statins Are Related to Modulation of Cxs and Gap Junctions
The beneficial effect of statins on gap junctions was also indicated by modulation of phosphorylation of Cxs [48] , which may be related to their internalization and degradation [53] . In hereditary HTG rats [48] , Cx43 was found to be hyperphosphorylated in the heart; atorvastatin could normalize it and help to improve the integrity of gap junctions. In animal models mentioned above, restoration of myocardial Cxs and gap junctions was associated with the pharmacological effects of statins against arrhythmias and cardiac dysfunctions [48] - [52] . Lethal arrhythmias like ventricular tachycardia (VT) and ventricular fibrillation (VF) could be blocked by statins in rats with acute MI [49] . In addition, statin administration could protect cardiomyocytes from necrosis and apoptosis induced by viral infection or diabetes and thus improve the survival rate of animals [50] - [52] . The mechanisms underlying the restoring effect of statins on myocardial gap junctions are far from elucidation. However, available results suggested that anti-inflammatory effects of statins may be involved (Figure 2) [49]- [52] . For example, in mice viral myocarditis induced by coxsackievirus B3 (CVB3), the restoration of Cxs and gap junctions was accompanied by reduction of proinflammatory cytokines such as TNF-α and interferon-γ (IFNγ) in the heart after statin therapy [50] [51] . These cytokines were associated with impaired Cx43 expression and gap junction remodeling in the heart [54] . These findings indicate that the anti-inflammatory and immunomodulatory effects of statins may contribute in part to the improvement of gap junctional communication between cardiomyocytes.
Besides arrhythmia and myocarditis, statins could modulate Cxs/gap junctions in cardiac hypertrophy, as well ( Table 1 , Part 2). Abnormalities of Cxs/gap junctions may take part in the progression of cardiac hypertrophy, for example, induced by hypertension [55] . However, concerning the expressions of Cxs in hypertrophied cardiomyocytes, conflicting results exist. For example, in hypertrophied left ventricle (LV) of spontaneously hypertensive rats (SHR), the expression of Cx43 was shown to be increased as compared to that of wild type rats [56] . But in rats subjected to abdominal aortic constriction, the expression of Cx43 seemed to be unchanged in hypertrophied LV [57] . These discrepancies could be due to the use of different models or different stages of cardiac hypertrophy. However, interestingly, no matter how Cx43 is expressed, gap junction remodeling occurs in hypertrophied cardiomyocytes, indicating its important role in the development of cardiac hypertrophy [56] [57]. Accordingly, administration of atorvastatin suppressed gap junction remodeling in LV of SHR and rats subjected to abdominal aortic constriction [56] [57] . The beneficial effect of atorvastatin on myocardial gap junction was associated with amelioration of LV hypertrophy in these animal models [56] [57] .
In addition, in angiotensin (Ang) II treated and hypertrophied primarily cultured rat atrial myocytes, atorvastatin could up-regulate the expression of Cx40 and suppress gap junction remodeling [58] . As Cx40 is predominantly expressed in atrium [43] and is close related to the development of atrial arrhythmias like atrial fibrillation (AF) [59] , the restoring effect of statins on it may contribute to the improvement of AF in clinic [60] .
In summary ( Table 1 , Part 2), statins could modulate the expressions of Cxs 40, 43, and 45, and suppress gap junction remodeling in cardiomyocytes; the restoring effects of statins on myocardial Cxs and gap junctions were correlated to their beneficial effects against arrhythmias and myocardial injury/hypertrophy induced by a variety of risk factors [48] - [52] , [56] - [58] .
Anti-Neoplastic Effects of Statins Are Related to Modulation of Cxs and Gap Junctions
Numerous results, both in laboratory as well as in clinic, proved that statins had anti-neoplastic activities against a variety of tumors [61] . The use of statins was probably associated with reduced risks of some cancers in clinic, such as hepatocellular cancer and prostate cancer [62] [63] . And notably, a recent survey indicated that the use of statins may result in the reduction of cancer-specific mortality with clinical significance [64] . Statins could inhibit the proliferation and metastasis of cancer cells when treated alone. And when combined with other anti-cancer agents, they may have sensitizing effects [61] . Multiple mechanisms have been suggested in order to explain the anti-neoplastic effects of statins. For example, statins could suppress the post-translational modification of the Ras/Rho superfamily of GTPases through inhibition of HMG-CoA reductase [65] . As a result, the membrane association of Ras/Rho GTPases could be blocked, and subsequently, downstream tumorigenic signaling molecules could be reduced [65] . Among various mechanisms and pathways, it is worth to mention that modulation of Cxs and gap junctions may contribute in part to the anti-cancer activities of statins ( Table 1 , Part 3) [66] - [70] .
In the development of cancer, disruption of gap junctions and related cell-to-cell communications is a very important factor for the transformation and malignant change of cells [71] . Now, Cxs and gap junctions are con-sidered as potential useful targets for the treatment of cancer, as proliferation of cancer cells could be inhibited effectively through restoration of gap junctions [71] .
An early study indicated that lovastatin could enhance GJIC in ras-transformed rat liver epithelial cells, which was accompanied by the suppression of transformation and tumorigenesis of the cells [66] . In MCF-7 breast cancer cells, lovastatin could enhance GJIC, as well [67] [68] . And the restoration of GJIC was associated with the proliferation inhibiting, cell cycle arresting, as well as differentiation inducing efficacies of lovastatin [67] [68].
In addition to direct anti-neoplastic actions, modulation of Cxs/gap junctions may also contribute to the sensitizing effects of statins on other anti-cancer agents, which is mainly mediated by the bystander effect (BSE) [69] [70] . BSE in tumors is mainly induced by gap junctional transfer of anti-cancer materials between adjacent cells [69] [70] . In an early study [69] , lovastatin was shown to enhance the BSE in a herpes simplex virus thymidine kinase/ganciclovir (HSV-tk/GCV) gene therapy system against adenocarcinoma cells. In that system, lovastatin could enhance cellular GJIC and then increase the gap junctional transfer of phosphorylated GCV. As a result, the anti-cancer activity of GCV could be increased by co-administration of lovastatin, both in vitro and in vivo [69] . In a recent study [70] , simvastatin was shown to increase the cytotoxicity of etoposide against murine Leydig tumor cells (MLTC-1) via GJIC restoration, which may facilitate the transfer of toxic molecules between cells (BSE).
How GJIC could be modulated by statins in tumor cells is not fully elucidated. However, some results suggested that statins could regulate the phosphorylation of Cx43, which may play a role in its internalization and degradation [53] . For example, in MLTC-1, simvastatin administration had no effect on Cx43 expression, but could obviously inhibit its phosphorylation at ser368 [70] . The membrane localization of Cx43 was then enhanced, resulting in increase of GJIC (Figure 2 ) [70] .
Simvastatin decreased Cx43 phosphorylation in MLTC-1 through inhibiting protein kinase C (PKC) [70] , which was shown to phosphorylate Cx43 and impair GJIC [72] . The expression level and activity of PKC was proved to be down-regulated by simvastatin in MLTC-1 [70] . Upstream events resulting in PKC inhibition may include suppression of Ras/Rho GTPases (Figure 2) , as the oncogenic Ras was shown to block GJIC in cancer cells through a PKC-dependent mechanism, which could be reversed by statins [66] [73] .
In summary ( Table 1 , Part 3), statins could enhance GJIC in some tumor types, which may contribute in part to their anti-cancer activities, either treated alone or in combination with other agents [66] - [70] .
Prospects of Statins on Gap Junctions
The modulating effects of statins on cellular Cxs and gap junctions are of potential importance, as they may provide a possible explanation and an internal connection for the pleiotropic pharmacological effects of statins, considering the broad expressions of Cxs in various tissues [5] [8] . It seems that the expressions of Cxs and functions of gap junctions could be disturbed by pathological factors in various tissues, either enhanced or attenuated. Importantly, statins could rectify the abnormalities of gap junctions and thus the pathological changes of corresponding tissues (Figure 2) . The detailed mechanisms underlying the effects of statins on Cxs and gap junctions are not clear and need further investigation. For example, the anti-inflammatory effects of statins could confer to differential modulations of Cx43 in aortic SMCs and cardiomyocytes (Figure 2 ) [32] [50] [51] . The explanation is not available and need further study. And for the effects of statins on gap junctions against cancer, it seems that available data of relevance are limited. Future studies should expand the research field in tumor types, and the clinical significance of statin-mediated gap junction modulation in cancer treatment should be investigated.
In addition to the diseases and disorders mentioned in this text, statins have beneficial effects against some other diseases of major clinical importance, such as diabetic complications and osteoporosis [19] [20] [74] [75] . The development of osteoporosis and diabetic complications such as nephropathy and retinopathy was proved to be closely related to the dysfunction of cellular gap junctions [14] [15] [76] . Considering the encouraging results that rosuvastatin could restore Cx43 in the kidney of SHR which was correlated to the improvement of glomerular ultrastructure [21] , it is rational to infer that the pharmacological activities of statins against some of the microvascular complications of diabetes may be attributable, at least in part, to the modulation of gap junctions. Future laboratory as well as clinical studies are warranted to support these assumptions. Clarification of these issues will help to provide scientific evidences for the appropriate clinical application of statins.
Conclusion
Some of the pharmacological effects of statins against cardiovascular disorders or tumors were proved to be related to the modulation of cellular Cxs and gap junctions (Figure 2) . However, detailed mechanisms, which may involve the anti-inflammatory or HMG-CoA reductase inhibiting effects of statins, still need further investigation.
